Rhodococcus fascians is a Gram-positive phytopathogen that induces shooty hyperplasia on its hosts through the secretion of cytokinins. Global transcriptomics using microarrays combined with profiling of primary metabolites on infected Arabidopsis (Arabidopsis thaliana) plants revealed that this actinomycete modulated pathways to convert its host into a niche. The transcript data demonstrated that R. fascians leaves a very characteristic mark on Arabidopsis with a pronounced cytokinin response illustrated by the activation of cytokinin perception, signal transduction, and homeostasis. The microarray data further suggested active suppression of an oxidative burst during the R. fascians pathology, and comparison with publicly available transcript data sets implied a central role for auxin in the prevention of plant defense activation. Gene Ontology categorization of the differentially expressed genes hinted at a significant impact of infection on the primary metabolism of the host, which was confirmed by subsequent metabolite profiling. The much higher levels of sugars and amino acids in infected plants are presumably accessed by the bacteria as carbon and nitrogen sources to support epiphytic and endophytic colonization. Hexoses, accumulating from a significantly increased invertase activity, possibly inhibited the expression of photosynthesis genes and photosynthetic activity in infected leaves. Altogether, these changes are indicative of sink development in symptomatic tissues. The metabolomics data furthermore point to the possible occurrence of secondary signaling during the interaction, which might contribute to symptom development. These data are placed in the context of regulation of bacterial virulence gene expression, suppression of defense, infection phenotype, and niche establishment.
Rhodococcus fascians is a Gram-positive phytopathogen that induces shooty hyperplasia on its hosts through the secretion of cytokinins. Global transcriptomics using microarrays combined with profiling of primary metabolites on infected Arabidopsis (Arabidopsis thaliana) plants revealed that this actinomycete modulated pathways to convert its host into a niche. The transcript data demonstrated that R. fascians leaves a very characteristic mark on Arabidopsis with a pronounced cytokinin response illustrated by the activation of cytokinin perception, signal transduction, and homeostasis. The microarray data further suggested active suppression of an oxidative burst during the R. fascians pathology, and comparison with publicly available transcript data sets implied a central role for auxin in the prevention of plant defense activation. Gene Ontology categorization of the differentially expressed genes hinted at a significant impact of infection on the primary metabolism of the host, which was confirmed by subsequent metabolite profiling. The much higher levels of sugars and amino acids in infected plants are presumably accessed by the bacteria as carbon and nitrogen sources to support epiphytic and endophytic colonization. Hexoses, accumulating from a significantly increased invertase activity, possibly inhibited the expression of photosynthesis genes and photosynthetic activity in infected leaves. Altogether, these changes are indicative of sink development in symptomatic tissues. The metabolomics data furthermore point to the possible occurrence of secondary signaling during the interaction, which might contribute to symptom development. These data are placed in the context of regulation of bacterial virulence gene expression, suppression of defense, infection phenotype, and niche establishment. Plants have evolved a remarkable level of developmental plasticity enabling them to deal with changes in their immediate surroundings throughout their life cycle. Environmental stress affects plants in their growth and development by imposing alterations in gene expression and, consequently, in physiology and metabolism. Pathogenic bacteria, fungi, viruses, oomycetes, nematodes, and insects can have a devastating effect on crop plants either at the survival or the yield level. Although the dynamic interaction between pathogen and host is complex and, at first sight, seemingly specific for each plant-pathogen combination, several biotrophic phytopathogens display related mechanisms to convert the plant into a suitable niche (Jameson, 2000) .
In contrast to necrotrophic pathogens, biotrophs rely on living tissues for survival and multiplication. To exploit the plant as a source of energy and assimilates, the first requirement is to avoid preformed and suppress induced defense mechanisms of the host. Typical defense responses include cell wall strengthening, production of phytoalexins and proteins with antimicrobial properties, and synthesis of stress signaling molecules, such as salicylic acid, jasmonic acid, ethylene, and reactive oxygen species (ROS; Hammond-Kosack and Jones, 1996; Gadjev et al., 2006; Garcia-Brugger et al., 2006; Berger et al., 2007) . Bacterial effector molecules have been proposed to suppress or delay defense and, in Gram-negative pathogenic bacteria, are typically secreted via the type III secretion system (Biemelt and Sonnewald, 2006; Jones and Dangl, 2006; Truman et al., 2006) . In the next phase toward successful niche establishment, plant (carbohydrate) metabolism is diverted for bacterial nutrition. Indeed, pathogens have proven to be very effective sinks for photosynthate: accumulation of soluble sugars has been reported in maize (Zea mays), wheat (Triticum spp.), tobacco (Nicotiana tabacum), tomato (Solanum lycopersicum), and Arabidopsis (Arabidopsis thaliana) infected with Tobacco mosaic virus, different Pseudomonas strains, smuts, rusts, and powdery mildews (Wright et al., 1995; Chou et al., 2000; Herbers et al., 2000; Scharte et al., 2005; Doehlemann et al., 2008) . Consequently, the induction of sucrolytic cell wall invertase genes upon pathogen attack is now an established marker for source-to-sink transition in leaves (Herbers et al., 2000; Biemelt and Sonnewald, 2006; Swarbrick et al., 2006; Berger et al., 2007, and refs. therein) . The reprogramming of the host metabolism and nutrient partitioning, in turn, triggers several signaling cascades. The modified carbohydrate metabolism represses photosynthetic genes and decreases photosynthetic activity, possibly by end-product inhibition (Nielsen et al., 1998; Roitsch, 1999; Smeekens, 2000; Truman et al., 2006; Kocal et al., 2008) . The reduction of photosynthesis and assimilatory metabolic pathways allows the initiation of respiration and other processes required for defense. Interestingly, the high sugar levels that result from the induced sink metabolism also induce a number of defense-related genes (Herbers et al., 1996; Ehness et al., 1997; Herbers and Sonnewald, 1998; Berger et al., 2004; Scharte et al., 2005) . Indeed, recent data suggest that cell wall invertases play an important role in host defense against pathogen attack (Essmann et al., 2008) . Therefore, the hexose accumulation often observed has a dual role: on the one hand, it serves as nutrition for the microbe; on the other hand, it is part of the stress response of the plant aimed at eradicating the invading pathogen.
Upon infection with the Gram-positive, cytokininproducing phytopathogen Rhodococcus fascians, the architecture of the plant is drastically changed (Crespi et al., 1992 (Crespi et al., , 1994 Vereecke et al., 2000 Vereecke et al., , 2002a Vereecke et al., , 2002b Goethals et al., 2001; de O Manes et al., 2004) . Remarkably little is known about the molecular basis of the pathologies of Gram-positive phytopathogens: they do not possess type III secretion systems, the typical Gram-negative effectors have not been identified, and no defense suppression mechanisms have been uncovered (Loria et al., 2006; Robert-Seilaniantz et al., 2007; Gartemann et al., 2008) . Although it is becoming clear how R. fascians alters the shape of its hosts (Simó n-Mateo et al., 2006; Depuydt et al., 2008 Depuydt et al., , 2009 , the establishment of an altered metabolic state had not been investigated until now. Therefore, with an integrated approach of genome-wide transcriptomics and primary metabolite profiling, we compared the response of Arabidopsis upon confrontation with two nearly isogenic R. fascians strains: the wild-type D188 that contains a linear virulence plasmid pFiD188, and its plasmid-free nonpathogenic derivative D188-5. Based on the obtained results, we propose a model for the role of the physiological alterations during initiation and maintenance of the interaction between Arabidopsis and R. fascians.
RESULTS

Transcriptome Analysis Underlines the Key Role for Cytokinins in Symptom Development
Arabidopsis plants that are infected with the phytopathogenic actinomycete R. fascians display typical phenotypes, such as smaller and serrated leaves, activated axillary and de novo formed meristems, and usually very compact rosettes de O Manes et al., 2004; Simón-Mateo et al., 2006; Depuydt et al., 2008) . To gain a genome-wide view of the processes that are involved in disease establishment, we compared the transcriptome of Arabidopsis plants (ecotype C24) infected with the virulent strain D188 with that of plants infected with the nonpathogenic derivative D188-5 as control samples using two-color CATMA microarrays (Crowe et al., 2003; Hilson et al., 2004) . These arrays contain 24,576 gene-specific tags (GST) and probes for small open reading frames and 615 probes tiling the mitochondrial and chloroplastic genomes. For RNA preparation, plant material was harvested at three developmentally distinct time points: at 7 d postinfection (dpi) with the virulent R. fascians D188 strain, no clear symptoms were observed; at 14 dpi, the macroscopic phenotype became apparent; and at 24 dpi, Arabidopsis displayed the typical disease symptoms described above (Fig. 1A) . Because the axillary regions are important for colonization, virulence gene expression, and symptom initiation by R. fascians (Cornelis et al., 2002) , roots, cotyledons, and leaves were removed during harvesting. We selected a loop design as an experimental setup for the arrays (Fig. 1B) to evaluate gene expression as a function of time (see "Materials and Methods"). The choice of the control samples ensured the exclusion of genes that were merely triggered by the bacterial presence.
Statistical analysis indicated that 3,422 genes showed a significant treatment 3 time point interaction effect (P , 0.001; false discovery rate [FDR] , 0.0015; see "Materials and Methods"), of which 120 and 161 were more than 2-fold up-or down-regulated, respectively, in at least one time point ( Fig. 1C ; Tables I and II) . The expression patterns obtained with the microarray hybridizations were confirmed for 10 genes randomly taken from the data set using quantitative reverse transcription (qRT)-PCR (Supplemental Fig. S1 ). The Gene Ontology (GO) annotation of the differentially expressed genes revealed that the major functional categories affected by R. fascians involved metabolism, response to (biotic/abiotic) stress, and transcription activity. Nevertheless, important modulations also occurred in the protein modification, transport, cell organization, and biogenesis categories (Fig. 2) .
We examined the expression of all genes involved in cytokinin metabolism and the canonical cytokinin signaling pathway (Fig. 3) . The expression of six A-type ARABIDOPSIS RESPONSE REGULATOR (ARR) genes, which are transcriptionally induced by cytokinins and mediate a feedback regulation of the cytokinin response (D'Agostino et al., 2000) , and of the cytokinin receptor AHK4 was activated, albeit at different levels. Moreover, two CYTOKININ OXIDASE/DEHYDROGENASE (CKX) genes were up-regulated and ISOPENTENYL TRANSFERASE3 (IPT3) was down-regulated, illustrating the occurrence of cytokinin homeostasis and confirming previous data (Depuydt et al., 2008) . IPT8, unlike IPT3 not negatively regulated by cytokinins (Miyawaki et al., 2004) , showed a minor up-regulation throughout infection. BiNGO analysis (Maere et al., 2005 ) of all up-regulated genes indicated a clear response toward a cytokinin stimulus, further underlining the central position of cytokinins in the R. fascians pathology (Supplemental Fig. S2 ).
The Genome-Wide Host Response toward R. fascians Infection Suggests a Highly Specialized Interaction
As the data presented above confirm the central role of cytokinins, we wondered how conserved the global transcriptional response upon R. fascians infection was when compared with cytokinin treatment and upon challenge with other pathogens. Therefore, biclustering analyses were done with the Genevestigator tool (Zimmermann et al., 2004) on the genes listed in Tables  I and II in relevant publicly available data . Generally, the transcriptional profiles of both the up-and down-regulated genes overlapped a little (Fig. 4) . Approximately 12% of the down-regulated and 30% of the up-regulated transcripts were common between cytokinin treatment and R. fascians infection. Among the latter were cell wall-loosening expansins that have been implicated in cytokinin-induced cell proliferation (Downes and Crowell, 1998; Rashotte et al., 2003; indicated by u5, u11, and u14 in Fig. 4) and four ARR genes (indicated by u1, u8, u15, and u104 in Fig. 4 ). However, many of the transcriptional changes induced upon cytokinin treatment were not activated upon infection. For instance, Bet v 1 genes, encoding putative cytokinin-detoxifying proteins, were induced by cytokinins (Mogensen et al., 2002; Brenner et al., 2005) , but three family members were down-regulated upon R. fascians infection (Table II) . Interestingly, the transcriptional overlap with A. tumefaciens was considerably higher, 38% and 45% of the down-and up-regulated genes, respectively, implying extensive similarities in the host response toward infection with both gall-forming bacteria. The more conserved up-regulation of a wound-responsive protein, a putative protease inhibitor, a putative chitinase, and two trypsin inhibitors (u20, u35, u41, u45, and u53 in Fig. 4 ) in many different treatments suggested that plant defense was activated during these biotic interactions. Intriguingly, in the R. fascians interaction, at 24 dpi most of these genes were down-regulated (Table I) , hinting at an active down-regulation of defense.
R. fascians Actively Suppresses Defense
Detailed symptom analysis in tobacco and Arabidopsis did not point to a defense reaction of the plant in response to infection (de O Manes et al., 2001 (de O Manes et al., , 2004 . As ROS are typically involved in restraining pathogen spread (Hammond-Kosack and Jones, 1996; Dempsey et al., 1999) , we analyzed the microarray data set for genes related to ROS production or ROS scavenging. Five out of seven differential peroxidases (PER21, PER33, PER50, PERATP23A, and a putative peroxidase), together with a putative copper amino oxidase (At1g62810) that catalyzes the oxidative deamination of polyamines resulting in the release of hydrogen peroxide (H 2 O 2 ), were significantly down-regulated upon infection with strain D188 (Table II; Supplemental Table S1 ), suggesting that R. fascians D188 colonization did not trigger H 2 O 2 production. Indeed, no differential accumulation of H 2 O 2 could be visualized by 3,3#-diaminobenzidine (DAB) staining of infected Arabidopsis plants at different time points during the interaction (data not shown), and the oxidative stress marker thioredoxin H5 (TRX-h5; Laloi et al., 2004 ) was severely repressed (Table II) . Moreover, the expression of (stromal) L-ascorbate peroxidase (APX1 and sAPX), glutathione peroxidase (GPX5 and GPX6), copper-zinc superoxide dismutase (CSD1 and CSD2), and catalase (CAT1 and CAT2) genes, known to be ROS scavengers (Mittler et al., 2004) , was also down-regulated upon infection with strain D188 (Table II; Supplemental  Table S1 ). Furthermore, dehydroascorbate reductase (DHAR3) and monodehydroascorbate reductase 4 (MDAR4) and MDAR5, which convert dehydroascorbate to the antioxidant ascorbate, were repressed (Table II; Supplemental Table S1 ). The latter transcript data were supported by the strong reduction in ascorbate levels and the accumulation of its precursor dehydroascorbate in infected tissues (Supplemental Fig. S3 ). Finally, the genes encoding ferritin 2 and 3, hypothesized to protect cells against ROS by regulating the amount of Fe(II) and Fe(III) (Murgia et al., 2001) , were also severely repressed (Table II) . Altogether, these data indicated that infection with R. fascians does not cause an oxidative burst in the plant.
Next, we analyzed the microarray data set for genes encoding (putative) pathogenesis-related proteins, such as (endo)glucanases, chitinases, proteinase inhibitor proteins, thionins, glutathione S-transferases, lipid transfer proteins, Phe ammonia lyases, and chalcone synthases known to function in defense (Jwa et al., 2006) . Although a few genes were up-regulated throughout R. fascians infection, most were downregulated in the later stages (Supplemental Table S1 ), among them established defense markers, such as Phe ammonia lyases, suggesting active defense suppression by R. fascians D188.
To get a clue on which bacterial signal could be involved in defense suppression, we evaluated the expression of the differentially expressed stress-related genes upon D188 infection (Fig. 5A for Table II, Fig. 5B  for Supplemental Table S1 ) in data sets obtained from other biotic interactions and cytokinin and auxin treatments. Interestingly, except for A. tumefaciens, expression of most genes was up-regulated in the selected biotic interactions (Fig. 5A ). Unexpectedly, zeatin treatment activated the expression of almost all analyzed genes ( Fig. 5 ), while auxin had either no effect or a repressing effect, implying that auxin secretion by R. fascians might be involved in defense avoidance.
R. fascians Reprograms the Host Primary Metabolism
GO annotation revealed that genes involved in metabolism constituted 11% and 12% of the down-and up-regulated genes, respectively. Moreover, BiNGO analysis of the down-regulated genes implied an impact on tricarboxylic acid (TCA) cycle intermediate metabolism and on (branched chain) amino acid and derivative catabolism (Supplemental Fig. S3 ). These transcript data suggested that infection might significantly modulate the primary metabolism of the plant. For a more comprehensive view, profiles of 38 primary metabolites were analyzed by gas chromatographymass spectrometry (GC-MS) of extracts prepared from complete Arabidopsis shoots at 4, 7, 14, and 24 dpi treated as follows: mock inoculation with water, control infection with strain D188-5, or infection with strain D188. Although this study is focused on the differences between D188-5 and D188 infections, to correlate metabolic shifts with disease development, we noticed that for some metabolites D188-5 infection caused notable changes compared with mock-inoculated controls (indicated by # in Figs. 6, 10, and 11 and Supplemental Fig. S4 ), which could be correlated with a general reaction to bacterial colonization or with early flowering, which is a conserved developmental response on bacterial infection (Korves and Bergelson, 2003) . Generally, almost 66% of the tested metabolites exhibited similar profiles over time for the three treatments, although in 50% of these cases the final concentration differed significantly from that of the controls. For the remaining 34% of the metabolites, the profiles were completely dissimilar (Figs. 6, 10, and 11; Supplemental Fig. S4 ). 
R. fascians Infection Triggers Sink Development in Symptomatic Tissues
During plant development, but also upon pathogen infections, source-to-sink transitions occur in tissues, with the conversion from a sugar-producing and -exporting status to a sugar-importing and -accumulating status as a result. Interestingly, throughout the experiment, the total sugar content of shoots was between 2.5-and 2.9-fold higher upon D188 infection than that of the mock-infected control. While Suc levels did not differ from 4 dpi onward, the concentrations of the hexoses Glc, Fru, and sorbose as well as of the disaccharide maltose and of the trisaccharide raffinose increased strongly (Fig. 6 ). For the sugar alcohols, galactinol accumulated in both D188-and D188-5-infected tissues, albeit with different kinetics, whereas erythritol levels only increased upon D188-5 infection. The profiles for glycerol and glycerol-3-phosphate were comparable for the three treatments, whereas the concentration of myoinositol was somewhat higher upon infection. The most striking difference was observed for the nonreducing disaccharide trehalose, which accumulated upon infection with strain D188-5 and strain D188 at 4 dpi between 64-and 42-fold, respectively. At 24 dpi, the level of trehalose strongly decreased in D188-5-infected tissue and was 5-fold higher in the D188-infected plants. The microarray data indeed showed that a trehalose phosphate synthetase gene, TPS1, encoding the first step of trehalose biosynthesis, was differentially up-regulated from 14 dpi onward (Table I) . No differential expression was measured for trehalose-6-phosphate-phosphatase genes that mediate the final dephosphorylation step to trehalose.
The specific increase in the hexose-Suc ratio only upon R. fascians D188 infection hinted at a possible involvement of invertases. In the microarray data set, no differentially expressed invertase genes were present; however, it could not be ruled out that this was caused by the different sampling for metabolome and transcriptome analysis. Therefore, we examined the expression pattern of cell wall (FRUCT1), cytoplasmic (FRUCT3 and FRUCT4), and vacuolar and chloroplastic invertase (INV-H and INV-E, respectively) genes in complete shoot tissues at 4, 7, 14, and 24 d after treatment by RT-PCR (Fig. 7A) . The expression of the cell wall invertase gene was already induced at 4 dpi by both bacterial infections (D188-5 and D188), but the induction was stronger and only persisted throughout the experiment upon infection with strain D188. A comparable, although less marked, pattern was obtained for FRUCT3, while FRUCT4 was not differentially expressed. For INV-H, no clear pattern was observed, although at 24 dpi the expression was highest in D188-infected plants. Finally, the INV-E expression profile resembled that of FRUCT1. These transcript profiles and the hexose metabolite data were confirmed by measuring invertase enzyme activities in infected and control shoot material. Indeed, for all three invertase types, the enzyme activities were significantly higher upon D188 infection. In agreement with the RT-PCR data, a differential activity could also be measured for the cell wall-bound invertase in D188-5-infected tissue (Fig. 7B ).
Photosynthesis upon D188 Infection: Reduced Activity and Enhanced Competition
Hexoses presumably down-regulate photosynthetic activity and photosynthesis gene expression and thus influence the source/sink status of the plant tissues (Biemelt and Sonnewald, 2006) . Given the accumulation of hexoses and the typical sink-associated invertase activity in D188-infected plants, we investigated the effect of infection on photosynthesis. The pale green color of symptomatic Arabidopsis plants (Fig.  1A ) already hinted at an altered photosynthetic capacity. The loss of chlorophyll during symptom establishment was indeed confirmed by spectrophotometric analysis (Fig. 8A) . Among the down-regulated genes identified in the microarray (Table II) , 5% was classified in the GO category "Electron transport/energy pathway" (Fig. 2) . Interestingly, At2g28000 and At1g55490, encoding the a-and b-subunits of chaperonin-60, a molecular chaperone involved in correct Rubisco folding and, thus, activity (Salvucci, 2008) , were found to be significantly down-regulated in our data set, although by less than 2-fold (data not shown). Since leaves were not harvested for the microarray experiment, the expression of the photosynthesis marker genes RbcS and CAB2 was investigated with RT-PCR on RNA extracted from complete shoots. Generally, D188-5 infection had no or little effect on the age-dependent decline of RbcS and CAB2 expression levels. In contrast, upon D188 infection, both RbcS and CAB2 were significantly down-regulated already at 4 dpi (Fig. 8B) . The photosynthetic capacity of infected plants was further assessed by chlorophyll fluorescence imaging (Fig. 8 , C-F). Chlorophyll fluorescence is indicative of the overall rate of the photosynthetic function and can be used to determine the efficiency of PSII photochemistry under biotic and abiotic stress conditions (Maxwell and Johnson, 2000; Quilliam et al., 2006) . The effective quan- Figure 5 . Genevestigator study of the stress-and defense-related genes upon R. fascians infection. A, Down-regulated stressrelated genes of Table II and their response upon different biotic interactions and hormone treatments. B, Responses of all differentially regulated defense-related genes after R. fascians infection (Supplemental Table S1 ) and their responses upon hormone treatment. Genes that are down-regulated in at least one time point upon R. fascians infection are not marked, while asterisks indicate up-regulated genes throughout R. fascians infection. Green and red represent genes that are down-and upregulated, respectively. Black indicates no significant changes. IAA, Indole-3-acetic acid; NAA, naphthaleneacetic acid. Figure 6 . Effect of R. fascians infection on carbon metabolism in planta. Inoculation with water, R. fascians D188-5, and D188 at 4, 7, 14, and 24 dpi. Symbols (# and *) indicate statistically significant differences between D188-5 and mock-infected samples (P , 0.01) and between D188-5 and D188 samples (P , 0.01), respectively. The metabolite abundances are expressed relative to the internal standard ribitol at each time point and normalized to the fresh weight. Error bars represent SD (n = 6). N.D., Not determined. Figure 8C shows a false-color-coded image of Y(II) that represents the proportion of absorbed light that will be used for electron transport through PSII. Whereas Y(II) was not significantly altered by infection of Arabidopsis with strain D188-5, it was markedly reduced by D188 infection. The decrease in Y(II) started at 7 dpi at the leaf edges and, with time, spread throughout the whole leaf. Interestingly, R. fascians colonization starts with the formation of microcolonies at leaf edges ( Fig.  9A ; Cornelis et al., 2001) , suggesting that local secretion of morphogens by the bacteria directly affects photosynthesis. Infected ARR5:GUS lines indeed showed a patchy expression pattern in leaves, which is mostly confined to the margins (Fig. 9B) . CKX genes are instrumental for cytokinin degradation and homeostasis upon infection of Arabidopsis with R. fascians (Depuydt et al., 2008; Pertry et al., 2009) . Spot inoculation on leaves of CKX5:GUS and CKX6:GUS marker lines revealed a colocalization of the cytokinin-secreting R. fascians colonies and GUS staining (Fig. 9C) , further supporting the localized action of the bacterial signals.
The F v /F m , a measure of the intrinsic efficiency of PSII, was also significantly lower upon D188 infection (Fig. 8D) , indicating photoinhibition. The qN was specifically higher when Y(II) was reduced (Fig. 8E) . Y(NPQ) reflects nonphotochemical quenching by heat (thermal) dissipation of excitation energy in the antenna system. Y(NO), representing nonregulated energy dissipation due to PSII inactivity, Y(NPQ), and Y(II) added up to unity, and their distribution during the different treatments is given in Figure 8F . The decrease of Y(II) upon D188 infection was largely paralleled by an increase in Y(NO), indicating inhibition of photosynthesis.
The TCA cycle in the mitochondria is considered to be an integral part of the photosynthetic metabolism (Fernie et al., 2004; Nunes-Nesi et al., 2007; Noguchi and Yoshida, 2008) . Among the 2-fold down-regulated genes (Table II) , putative aconitases, pyruvate decarboxylases, and pyruvate phosphate dikinase, all involved in the TCA cycle, were identified. Moreover, all of the TCA cycle genes in the list of 3,422 differentially regulated genes were down-regulated at 24 dpi (Supplemental Table S2 ), further suggesting reduced functioning of the TCA cycle upon infection with R. fascians D188. This observation was partly supported by the metabolite profiles (Fig. 10) . Although infection with strain D188 initially led to an accumulation of pyruvate, succinate, fumarate, and malate, at 24 dpi, when symptoms were fully established, the levels of all except succinate dropped below those measured in tissues infected with D188-5.
The bifunctional Rubisco enzyme also functions in the photorespiration process that is in competition with photosynthesis at the level of enzyme substrate (either O 2 or CO 2 ). In the complete differential transcript data set, photorespiration-related genes were initially downregulated, but at 24 dpi, the expression was activated by strain D188, suggesting that photorespiration might be enhanced (Supplemental Table S2) . At the metabolite level, Gly and Ser are intermediates in the formation of glycerate that will ultimately be redirected to the chloroplasts, where it is phosphorylated to 3-phosphoglycerate to reenter the Calvin cycle. Upon infection with D188, especially at the later time points of the interaction, Gly and Ser levels were significantly lower than those of the controls (Fig. 11) ; in contrast, glycerate levels were up to 7-fold higher upon D188 infection, implying a flux toward this metabolite and illustrating a possible enhancement of photorespiration.
R. fascians Infection Stimulates Amino Acid and Polyamine Biosynthesis
Besides a photosynthesis-related function, the TCA cycle provides carbon skeletons for the biosynthesis of several other metabolites, such as amino acids and polyamines. The profiles of the detected amino acids indicated that the bacterial presence had a stimulating effect on the metabolic pathways, resulting in amino acid biosynthesis (Fig. 11) . Nevertheless, infection with D188 generally resulted in a faster and stronger increase. The most pronounced differential accumulation was measured for Asn, Trp, Tyr, and Ala, whereas the Arg and Orn contents dropped considerably in D188-infected tissues. Interestingly, the latter are in- termediates for polyamine biosynthesis. Indeed, putrescine levels strongly increased upon R. fascians D188 infection already at 4 dpi (Fig. 11) .
DISCUSSION
The plant pathogenic actinomycete R. fascians is rather unique among the hyperplasia-inducing bacteria because it induces the formation of differentiated galls upon infection of its many hosts (Putnam and Miller, 2007) . Typical symptoms observed in Arabidopsis are small serrated leaves, early flowering, inhibition of floral stalk elongation, activation of axillary meristems, de novo meristem formation in the axillary regions of the rosette, and delayed senescence. These symptoms are triggered by cytokinins secreted by the colonizing bacteria, which set off a signaling cascade leading to activation of mitotic cell divisions, prevention of endoreduplication, and ectopic expression of meristem-specific KNOX genes (Crespi et al., 1992 (Crespi et al., , 1994 Depuydt et al., 2008 Depuydt et al., , 2009 ). Consequently, infection results in the amplification of young tissues that do not mature. Here, we addressed the questions of how and why symptomatic tissues differ from normal tissues and how the eventual changes could contribute to the establishment of the bacterial population.
Through transcriptome analysis, we investigated the genome-wide molecular basis of symptom development. The overrepresentation of genes involved in cytokinin perception, signal transduction, and homeostasis supported the central role of these hormones in the pathology. However, the data set of genes 2-fold differentially expressed upon infection overlapped only minimally with publicly available microarray data sets that dealt with hormone treatments or biotic interactions. In other words, the R. fascians interaction leaves a very specific transcriptome fingerprint on Arabidopsis. The expression profiles of both up-and down-regulated genes resembled most those obtained from the interaction of A. tumefaciens and Arabidopsis. Interestingly, both bacteria induce galls on their host through elevated levels of cytokinins and auxins. Nevertheless, the mechanisms resulting in the hormone imbalance in the infected plant are completely different, and generally A. tumefaciens-induced tumors consist only of undifferentiated cells (Johnson et al., 1974) .
Remarkably, the expression of genes encoding several peroxidases, a copper amino oxidase, and catalase, superoxide dismutase, and L-ascorbate peroxidases was significantly down-regulated upon infection with the pathogenic strain D188. These proteins are either ROS-producing or ROS-scavenging enzymes, and they play a key role in plant defense against pathogen attack by mediating an oxidative burst (Lamb and Dixon, 1997; Mittler et al., 2004) . The observed down-regulation implies that during the interaction with R. fascians D188, no oxidative burst is initiated, which is supported by the down-regulated expression of TRX-h5, a marker for oxidative stress, and the reduced level of ascorbate, a major H 2 O 2 -scavenging antioxidant, in infected tissues. Moreover, differential accumulation of H 2 O 2 could not be visualized with DAB staining and localized necrosis or cell death was not observed in Arabidopsis tissues infected with the pathogenic or the nonpathogenic R. fascians strains (data not shown). ROS is not only involved in structural aspects related to plant defense, such as restraining pathogen spread, modulation of plant cell wall architecture, programmed plant cell death, and the hypersensitive response (Hammond-Kosack and Jones, 1996; Dempsey et al., 1999; Torres et al., 2006) but also has a significant signaling function during these processes Torres et al., 2006) . Consequently, the apparently active suppression of ROS formation by R. fascians possibly avoids defense onset in general. Indeed, phenolic compounds do not accumulate at the infection site Cornelis et al., 2001) , and many defense-related genes Figure 10 . Responses of pyruvate and TCA cycle intermediates upon infection with R. fascians. Mock, R. fascians D188-5, and D188 infection at 4, 7, 14, and 24 dpi. Symbols (# and *) indicate statistically significant differences between D188-5 and mock samples (P , 0.01) and between D188-5 and D188 samples (P , 0.01), respectively. The metabolite abundances are expressed relative to the internal standard ribitol at each time point and normalized to the fresh weight. Error bars represent SD (n = 6).
are down-regulated upon D188 infection. Intriguingly, comparison with other data sets revealed that, while these genes were up-regulated during other biotic interactions and by cytokinin treatment, generally their expression was down-regulated during the interaction with A. tumefaciens and by auxin treatment. Auxin has been implicated in defense suppression, and bacterial auxin biosynthesis by A. tumefaciens and P. syringae pv savastanoi is crucial for repression of the hypersensitive response (Robinette and Matthysse, 1990; Navarro et al., 2004 Navarro et al., , 2006 Robert-Seilaniantz et al., 2007) . Interestingly, auxins accumulate in symptomatic tissues induced by R. fascians de O Manes et al., 2001) and the bacterium has been demonstrated to secrete auxins (Vandeputte et al., 2005) , altogether suggesting that this bacterial morphogen might be of central importance for defense suppression.
GO annotation of the differentially expressed genes clearly pointed toward a change in the primary metabolism, a finding that was confirmed by metabolic profiling of tissues infected with R. fascians D188 and D188-5. A schematic overview of these metabolic changes is given in Supplemental Figure S5 . Intriguingly, bacterial infection in general had a measurable impact on the primary metabolism of the plant, although the alterations induced by the pathogenic strain were much stronger. Evaluation of the carbohydrates revealed that, whereas Suc levels did not change, Glc, Fru, raffinose, maltose, and sorbose accumulated from 4 dpi onward. Importantly, upon infection, invertase transcripts and activities were Figure 11 . Effect of R. fascians infection on amino acids, putrescine, and glycerate levels. Mock, R. fascians D188-5, and D188 infection at 4, 7, 14, and 24 dpi. Symbols (# and *) indicate statistically significant changes between D188-5 and mock-infected samples (P , 0.01) and between D188-5 and D188 samples (P , 0.01), respectively. The metabolite abundances are expressed relative to the internal standard ribitol at each time point and normalized to the fresh weight. Error bars represent SD (n = 6). strongly enhanced, probably accounting for the observed increase in the hexose-Suc ratio and illustrating the establishment of a sink (Smeekens, 2000; Roitsch and González, 2004; Rolland et al., 2006; Berger et al., 2007) . Cytokinins are known to induce invertase activity (Chou et al., 2000; Roitsch et al., 2003; Walters and McRoberts, 2006) , but high sugar contents have similar effects, implying that the sink strength could be augmented by this amplified signaling. Moreover, cytokinin-induced cell wall invertase activity has been shown to increase sugar uptake by plant cells (Roitsch and Ehneß, 2000) . Several genes encoding sugar transporters were indeed differentially regulated upon R. fascians infection (data not shown), which might contribute to the sink strength. Finally, cytokinins and sugars both control the expression of CYCLIND3 genes, which have been shown to be instrumental for the G1-to-S transition of the cell cycle (Riou-Khamlichi et al., 2000) and for symptom development upon R. fascians infection . Therefore, the sink characteristics are probably correlated with symptom establishment that is an energy-demanding process, on the one hand, and with nutrition of the pathogen, on the other hand. Indeed, the accumulating carbohydrates are good carbon sources for R. fascians (Temmerman et al., 2000) , and conversion of infected tissues into a sink has been demonstrated in several other plant-pathogen interactions (Wright et al., 1995; Chou et al., 2000; Herbers et al., 2000; Scharte et al., 2005) .
Typically, source-to-sink transitions are accompanied by changes in photosynthetic capacity (Scholes et al., 1994; Chou et al., 2000; Walters and McRoberts, 2006) . Gene expression data, determination of chlorophyll content, and chlorophyll fluorescence imaging altogether supported the occurrence of photosynthesis inhibition upon infection with R. fascians. Similarly, transcript and metabolite data indicated that the flux through the TCA cycle was also reduced when the disease became fully established, although the concentration of succinate remained high throughout the interaction and pyruvate levels were elevated at the early stages of infection. Interestingly, virulence gene expression in R. fascians is induced by an autoregulatory compound and the induction levels are significantly increased in the presence of succinate and pyruvate (Temmerman et al., 2000; Maes et al., 2001) . The decreasing amounts of Ser and Gly, together with the increase in glycerate levels, may point to photorespiratory Gly decarboxylation that would add to the reduced photosynthetic and TCA cycle activities (Atkin et al., 2000; Raghavendra and Padmasree, 2003; NunesNesi et al., 2007) . Intriguingly, photorespiration had been hypothesized to play a potential role in providing specialized nutrients to the bacterium in support of endophytic colonization (Vereecke et al., 2002a (Vereecke et al., , 2002b Vandeputte et al., 2007) .
Amino acid levels had generally increased during symptom development, suggesting that R. fascians might use them as nitrogen sources. In vitro, auxin production by the bacterium is significantly induced when excess Trp is added to the medium (Vandeputte et al., 2005) . In this context, it is interesting that the augmentation of Trp was one of the highest measured. Production of the autoregulatory compound by the att locus involves Arg biosynthesis, and expression of the att genes is inhibited by Orn and Arg (Maes et al., 2001) . Again, it is remarkable that the concentrations of these amino acids were lower than those of the controls at the onset of the interaction.
Orn and Arg are also precursors of polyamine biosynthesis, and the polyamine putrescine accumulates to high levels during infection. This accumulation could be interpreted as a sign of reduced catabolism; polyamine degradation has recently been described as an important source for H 2 O 2 production (Walters, 2003; Cona et al., 2006; Jubault et al., 2008; Kusano et al., 2008, and refs. therein) , further supporting the absence of an oxidative burst upon R. fascians infection. Putrescine and other polyamines have also been associated with young, metabolically active healthy and diseased tissues (Walters and Shuttleton, 1985; Galston and Sawhney, 1990) . Moreover, polyamine biosynthesis is induced by cytokinins and other hormone treatments, and they are considered to be a separate class of plant hormones that control plant development (Kusano et al., 2008) . The accumulation of putrescine might thus be part of the (secondary) signaling cascade that mediates symptom establishment. Similarly, trehalose, a disaccharide known as an osmoprotectant (Wingler, 2002; Penna, 2003; Luo et al., 2008) , has also been attributed a signaling function in plant development (Mü ller et al., 2001; Vogel et al., 2001; Wingler, 2002) . Trehalose concentrations in Arabidopsis are generally low through the action of trehalase. During different plant-microbe interactions, however, trehalose accumulates strongly and is believed to serve as a major carbon source for bacteria (Mü ller et al., 1995; Brodmann et al., 2002; Boboye, 2004; Rolland et al., 2006) . Trehalose levels increased upon infection with both R. fascians strains, although the effect of D188 was much stronger, and interestingly, trehalose biosynthesis has been reported to be activated by cytokinin application (Brenner et al., 2005) . In accordance, transcript data showed an up-regulation of TPS1 but no differential expression of the trehalase gene.
In conclusion, the transcript and metabolite data presented here allow us to propose a model for the initiation of the interaction between R. fascians and Arabidopsis and the subsequent niche establishment. Epiphytic colonization triggers minor metabolic changes in the plant through the production of very low levels of morphogens and, eventually, other bacterial effectors. Importantly, early Trp accumulation might feed into the auxin biosynthetic pathway of R. fascians, which might down-regulate plant defense, permitting elaborate epiphytic and endophytic colonization. The metabolic modifications include a decrease in Arg and Orn and an increase in pyruvate and succinate levels, together allowing the synthesis of the bacterial autoregulatory compound. Consequently, bacterial cytokinin biosynthesis is strongly triggered, which significantly affects the transcriptome and metabolome of the plant. Secondary signals, such as polyamines and trehalose, involved in plant development accumulate and amplify the developmental alterations that are initiated by the bacterial cytokinins. The symptomatic tissue converts into a sink through the activation of invertases, leading to an increase in carbon source levels. The simultaneous buildup of amino acids and eventually of specialized photorespirationderived metabolites ultimately results in the establishment of a rich niche for R. fascians.
MATERIALS AND METHODS
Plant Material, Sampling, and Infection Conditions
Arabidopsis (Arabidopsis thaliana ecotype C24) was used throughout and was obtained from the European Arabidopsis Stock Centre (N906). ARR5: GUS, CKX5:GUS, and CKX6:GUS lines were obtained from T. Schmü lling (Freie Universität Berlin). The seeds were sterilized by submergence for 2 min in 70% (v/v) ethanol, subsequently for 12 min in 5% (w/v) NaOCl supplemented with 0.1% (v/v) polyoxyethylenesorbitan 20, and rinsed at least five times with sterile water. The seeds were germinated and grown on halfstrength Murashige and Skoog medium in a growth chamber under a 16-h/8-h light/dark photoperiod at 21°C 6 2°C. GUS staining was done as described previously (Depuydt et al., 2008) .
The Rhodococcus fascians strains used were the pathogenic strain D188, containing the linear virulence plasmid pFiD188, and its plasmid-free nonpathogenic derivative D188-5 (Desomer et al., 1988) . These strains were grown in liquid yeast extract broth for 2 d at 28°C under gentle agitation until late exponential phase. Prior to infection, the cultures were washed and concentrated four times by resuspending the bacterial pellets in sterile distilled water. At 16 d after germination, Arabidopsis plants were infected at the 1.05 stage (Boyes et al., 2001 ) by local application of a drop of bacterial culture to the shoot apical meristem. For genome-wide expression profiling, plants were sampled at 7, 14, and 24 dpi. Roots, cotyledons, and leaves were removed, yielding samples enriched in the meristematic regions, and were immediately snap frozen in liquid nitrogen. Two independent replicates of each time pointtreatment combination were harvested, for a total of 12 samples. For the qRT-PCR experiments and the metabolomics analysis, complete shoots were harvested at 4, 7, 14, and 24 dpi. For spot inoculations, 5 mL of a washed bacterial culture was applied to the upper side of the leaves of CKX5:GUS or CKX6:GUS plants, incubated for 7 d, and subsequently stained for GUS activity, as described (Depuydt et al., 2008) .
RNA Extraction and Labeling
RNA was extracted using the RNease Plant Mini Kit (Qiagen) according to the manufacturer's instructions. For each time point-treatment combination, RNA was extracted from a pool of 50 plants. These RNA preparations were DNase treated and purified through NH 4 Ac (5 M) precipitation. Samples were quality controlled and quantified with a NanoDrop Spectrophotometer (Isogen). Samples were labeled with either Cy3 or Cy5 dye.
Hybridization and Preprocessing
Samples were hybridized to the CATMA Arabidopsis arrays (Crowe et al., 2003; Hilson et al., 2004) , which are two-color arrays containing 24,576 GSTs and 384 controls. Hybridization, washing, and scanning of the arrays were carried out at the Plant Genomics Research Unit, as described previously (Lurin et al., 2004) . Quality of the hybridization was assessed using control spots.
The raw expression data, comprising the logarithm of median feature pixel intensity at wavelengths 653 nm (Cy5) and 532 nm (Cy3), were uploaded into GenStat (Payne and Arnold, 2002) for further processing. The Loess procedure was applied for global intensity-dependent normalization on the log base 2 foreground intensities to correct for dye bias. No background correction was made. Each of the 14 hybridization samples was subjected to the linear mixed normalization model of the form (random effects in italics; Wolfinger et al., 2001 ): response = m + array + residual, where the response variable represents the Loess-corrected log 2 -transformed Cy3 and Cy5 fluorescence intensity measurements of the 24,576 GSTs. Next, the estimated residuals from the normalization mixed model were subjected to a gene-specific mixed ANOVA model of the form (random effects in italics): residuals = m + dye + treatment + time point + treatment 3 time point + array + error. The dye term models the fixed dye and replicate effects, as both effects are confounded; the array term models the effects for each spot and equals the gene 3 array interaction effect. Mixed models were fitted to the data by restricted maximum likelihood. Wald statistics were calculated, and significance was assigned to the interaction term treatment 3 time point, which identified genes that showed a differential expression pattern for both parameters (time point and treatment). An FDR was calculated for the treatment 3 time point interaction effect by modeling the adjusted P values as a two-component mixture of uniform and beta densities, as implemented in GenStat; default parameter settings were used to estimate p 0, the proportion of features that are truly null. A P value cutoff of 0.001 was chosen, corresponding to a FDR of 0.15% for the treatment 3 time point interaction effect. All procedures comply with the MIAME (for minimum information about a microarray experiment) standards for array data (Brazma et al., 2001 ). The profiling data have been submitted to ArrayExpress (accession no. E-MEXP-1893).
RT-PCR Primers and Conditions
For qRT-PCR analysis, 2 mg of RNA was reverse transcribed into cDNA synthesis with the SuperScript Reverse Transcriptase Kit (Invitrogen), subsequently diluted 50 times, and stored at 220°C until further use. RT-PCR was done on cDNA derived from complete shoot material to investigate invertase and photosynthetic gene expression. The cell wall (FRUCT1 and FRUCT2) and vacuolar (FRUCT3 and FRUCT4) invertases were amplified in 25 cycles with primers described by Tymowska-Lalanne and Kreis (1998). The expression profile of the cytoplasmic/neutral invertases was examined with primers developed by Vargas et al. (2008) in 22 amplification cycles. The RbcS primer set was obtained from Laval et al. (2002) , and CAB2 was amplified with primers described by Delessert et al. (2004) , both in 18 amplification cycles.
Metabolomics Analysis
The primary metabolite profiles of complete shoots of mock-inoculated controls and plants infected with R. fascians D188-5 and D188 were compared in six independent biological replicates at 0, 4, 7, 14, and 24 dpi. To extract soluble metabolites for GC-MS analysis, 100 mg of ground shoot material was extracted in 1.4 mL of 100% (v/v) methanol together with 60 mL of an internal standard (0.2% [w/v] ribitol in water). The mixture was heated for 15 min at 70°C with vigorous mixing. After centrifugation, 750 mL of chloroform and 1.5 mL of water were added to the supernatant and vortexed for 30 s. The phases were separated by centrifugation, and aliquots of the methanol/water phase (containing the polar metabolites) were taken and reduced to dryness in a SpeedVac concentrator. Samples were dissolved in 40 mL of 20 mg mL 21 methoxyamine hydrochloride in pyridine for 2 h at 37°C to protect the carbonyl moieties. Next, 10 mL of a retention time standard mixture (0.029% [v/v] n-dodecane, n-pentadecane, n-nonadecane, n-docosane, n-octacosane, n-dotracontane, and n-hexatriacontane dissolved in pyridine) was added. Acidic protons were derivatized by treatment with 70 mL of N-methyl-N-(trimethylsilyl)trifluoracetamide for 30 min at 37°C. The GC-MS profiling method was largely as described previously (Lisec et al., 2006) . Samples in each batch were analyzed in random order. GC-MS spectra were obtained with an AS 2000 autosampler and a GC8000 gas chromatograph coupled to a Thermo Finnigan Voyager quadrupole-type mass spectrometer, operated by MassLab software (ThermoQuest; Thermo Fisher Life Scientific). GC-MS hardware, settings, and data analysis were as described (Lisec et al., 2006; Schauer et al., 2006) .
which the values of the selected fluorescence parameters were averaged, were marked for each condition of each parameter, and their average was used for downstream analysis. With the Imaging-PAM, the current fluorescence yield (F t ) was continuously measured. After determining the dark-level fluorescence yield (F t = F 0 ), for which the plants were dark adapted for 15 min, an 800-ms saturating pulse was applied to determine the maximum fluorescence (F m ). The maximum quantum yield of PSII photochemistry, F v /F m = (F m 2 F 0 )/F m , was then automatically calculated by the ImagingWin software (Walz). In the presence of actinic illumination, the current fluorescence yield (F t = F) and the maximum light-adapted fluorescence (F m #) were determined, from which the effective PSII quantum yield [Y(II) = (F m # 2 F t )/F m #] was automatically derived. The coefficient of nonphotochemical quenching, qN = (F m 2 F m #)/(F m # 2 F 0 #), with F 0 # estimated according to Oxborough and Baker (1997) , was calculated by the ImagingWin software, as were the parameters of the effective PSII quantum yields of regulated nonphotochemical energy dissipation, Y(NPQ), and nonregulated energy dissipation, Y(NO), which are complementary with the photochemical quantum yield [i.e. Y(II) + Y(NPQ) + Y(NO) = 1]. Y(II) represents the proportion of absorbed light that is used for photosynthetic electron transport through PSII and is thus essentially the operating efficiency of PSII measured in the light. F v /F m is the maximum efficiency of PSII and is a useful measure for photoinhibition, and Y(NPQ) describes the efficiency with which energy is dissipated nonphotochemically as heat. Images of the fluorescence parameters were displayed with the help of a false-color code ranging from 0 (black) to 1 (purple) as implemented in the ImagingWin software.
Scanning Electron Microscopy
The samples were analyzed by scanning electron microscopy with a tabletop microscope TM-1000 (Hitachi) without sample processing. Images were taken with the accompanying software.
Invertase Activity Tests
To assay the activities of the cytosolic, vacuolar, and cell wall invertases, the extraction was carried out as described (Wright et al., 1998) , with approximately 150 mg of ground shoot tissue of each infection condition supplemented with 1.2 mL of extraction buffer (50 mM HEPES-KOH, pH 8.0, 5 mM MgCl 2 , 2 mM EDTA, 1 mM CaCl 2 , 1 mM benzamidine, 1 mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride). The mixture was incubated on ice for 10 min. After centrifugation (13,000g, 10 min, 4°C), the supernatant (containing cytosolic and vacuolar invertases) was transferred to a new tube. For determination of cell wall invertase activities, the pellet was washed three times and finally resuspended in 1.2 mL of extraction buffer. Extracts were used without dialysis. The invertase reactions were carried out in 0.08 M citrate/phosphate buffers with 0.1 M Suc as a substrate at pH 4.5, 5.5, and 7.5 for cell wall, vacuolar, and cytoplasmic invertases, respectively (Scholes et al., 1994) . Of the extracts, 100 mL was added to the reaction mixtures in a final volume of 300 mL. After 45 min of incubation at 37°C, the reaction was stopped by adding 0.1 mL of 1 M Tris-HCl and incubated for 4 min at 95°C. The amounts of Glc and Fru liberated in the reaction were determined by an enzyme-linked assay (Scholes et al., 1994) : 30 mL of the invertase reaction was added to 200 mL of a buffer cocktail (1 M imidazole-HCl, pH 6.9, 2 M MgCl 2 , 100 mM NADP, 100 mM ATP, and 400 units mL 21 Glc-6-P dehydrogenase) on a multiwell plate. Next, 5 mL of hexokinase (300 units mL 21 ) was added, and the minimum and maximum absorbance were recorded at 340 nm. Subsequently, 5 mL of phosphoglucoisomerase (140 units mL 21 ) was added, and the minimum and maximum optical densities were recorded to calculate the enzymatic activity of the samples. Each reaction was done in triplicate.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . qRT-PCR confirmation of 10 differentially expressed genes randomly taken from the microarray data set.
Supplemental Figure S2 . BiNGO analysis of all up-regulated genes throughout R. fascians infection.
Supplemental Figure S3 . BiNGO analysis of all down-regulated genes throughout R. fascians infection.
Supplemental Figure S4 . Effect of R. fascians infection on ascorbate and dehydroascorbate levels.
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